properties such as shift of band gap, increased surface area ratio, excellent chemical, mechanical and thermal stability as well as efficient luminescence as compared to its bulk counterpart. Herein, we demonstrate a precise, efficient and still cost effective method of the fabrication of porous GaN through the enhanced GaN decomposition by using Au nanoparticles (NPs) as a catalyst, in which the size, density and shape of the pores (nanoholes, NHs) can be precisely controlled. By the thermal annealing assisted with the Au NPs, the NHs are successfully fabricated and the existence of Au NPs significantly accelerate the GaN decomposition at the interface between the NPs and GaN due to the Ga absorption by the Au NPs. We systematically study the formation mechanism of NHs assisted by the Au NPs by means of annealing temperature, duration and Au deposition amount and the results are systematically analyzed and discussed.
■ INTRODUCTION
Due to its unique physical properties such as enlarged surface area ratio, efficient luminescence, and shift of band gap as well as the excellent chemical, mechanical and thermal stability, porous GaN has been successfully adapted in various applications. [1] [2] [3] [4] [5] The properties of porous GaN are significantly affected by the variation of the morphology of pores, such as size, density and shapes. [6] [7] [8] For example, the control of the refractive index of GaN can be key element for designing the optical devices in which the refractive index decrease with the increased pores density, investigated by the prism coupling technique, 6 and the properties of GaN overgrown on porous GaN was improved with the smaller pore size. 7 Porous GaN has been utilized in several applications such as sensors, [9] [10] LEDs, [11] [12] [13] as well as templates for the lattice-mismatched heteroepitaxy. [14] [15] [16] For instance, in the case of hydrogen gas sensor, significantly improved sensitivity with the porous GaN was reported due to much increased surface area ratio of the Pd/porous GaN interface. 9 The porous GaN with various size, shape and high density of pores enhance the blue shift luminescence as well as exhibits the highest level of sensitivity in hydrogen sensor. 10 Also, utilizing the porous GaN can significantly increase the light extraction and internal quantum efficiency of LEDs due to the enhanced light scattering by the pores. [11] [12] [13] While the high defect density of GaN grown on sapphire can cause the degradation in the efficiency of the GaN based LEDs, 17 porous GaN can provide an intermediate layer for
high quality epitaxial GaN growth by releasing the strain and reducing the dislocation density of the overgrown GaN. [14] [15] [16] The fabrication of the porous GaN has been usually done by the electrochemical or chemical etching [18] [19] [20] and they have found their own successes. However, the precise control of the size, shape and density of the pores has been 3 ever challenging and the various chemicals and complex procedures utilized have been potential threats to the performance of the devices based on it. In this work, we report a unique method for the fabrication of porous GaN of a precise and rather simple approach through the enhanced decomposition of GaN by utilizing Au NPs as a catalyst. The pores (nanoholes, NHs) are successfully fabricated on GaN owing to the concurrent occurrence of several phenomena such as natural GaN decomposition, release of nitrogen as N2 gas,
formation of Au-Ga alloy NPs, enhanced penetration of NPs, and the evaporation of AuGa NPs. The resulting morphology of the NHs is strictly inherited from the Au NPs.
Depending up on the systematical control of annealing temperature, duration and the size and density of Au NPs, the shape, size and density of NHs can be correspondingly controlled.
■ EXPERIMENTAL SECTION
Materials. The fabrication of porous GaN was performed on the c-plane GaN (0001) template grown on sapphire. (Technologies and Devices International (TDI), Inc.,
USA) The epitaxial-ready GaN were semi-insulating with a thickness of ~10 µm. Figure   S1 shows the reflectance of bare GaN (0001) that demonstrate the cut-off wavelength of GaN was observed at 364.5 nm (~3.4 eV bandgap of GaN) with the characteristic oscillation pattern caused by the interference of light reflected at both GaN and sapphire surfaces. After the preparation of samples, they were soldered on a sample holder using indium and degassed at 700 o C for 30 min with the ramping rate of 2 °Cs -1 in a pulsed laser deposition (PLD) chamber under 1.0 × 10 -4 Torr. The clean surface morphology of GaN (0001) was observed after degassing.
Fabrication of Au NPs and NHs. After the degassing, the samples were ready for the Au deposition. Initially, as a catalyst, various amount of Au was deposited on GaN (0001) with a deposition rate of 0.05 nm/s at the ionization current of 3 mA under 1.0 × 10 -1 Torr in a plasma ion-coater chamber. Figure 1a shows the 3 nm Au deposited GaN sample that demonstrate the uniform distribution of Au with a height distribution of ± 2 nm along with the surface steps. After that, the annealing of sample was carried out with the uniform ramping rate of 2 °Cs -1 under 1.0 × 10 -4 Torr in the PLD chamber. After performing the annealing for a specified duration, the temperature was quenched down immediately to the ambient temperature in order to prevent the undesired Ostwald ripening. To investigate the temperature effect on the formation of NHs, 4 nm of Au was deposited and the annealing duration was fixed for 450 s. In order to observe the effect of annealing duration for the evolution of NHs from NPs, the duration was systematically varied between 900 and 3600 s and annealed at 800 °C while the Au deposition amount (DA) was fixed at 3 nm. For the precise control of shape, size and density of NHs, the temperature was fixed at 900 °C for the Au DA of 2, 3, 4, 7, 10 and 25 nm. 950 °C was selected for the larger Au DA including 5 nm and the annealing duration was set as 450 s for all the fabrications.
Characterization. In this research, an atomic force microscope (AFM) with a noncontact mode was employed to characterize the surface morphology of samples (XE70, Park Systems Corp., South Korea). The probes utilized were NSC16/AIBS with a length of 125 µm, and the tip of the probe has a curvature radius (Rc) less than 10 nm and tip Korea) and an energy-dispersive X-ray spectroscope (EDS) was utilized for elemental characterization and spectral mapping (Noran System 7, Thermo Fisher, USA). To observe the morphology variation for the fabricated porous GaN, Raman spectra were obtained with a charge coupled device (CCD) detector and the excitation laser wavelength was 532 nm (UNIRAM II, UniNanoTech, South Korea).
■ RESULTS AND DISCUSSION
Behaviors of Au with temperature. Figure 1 illustrates the evolution of Au nanoparticles (NPs) to nanoholes (NHs) on GaN (0001) at various annealing temperature from 450 to 900 °C with 3 nm of Au deposition. Initially, the as-deposited surface showed a flat morphology with a height distribution of ± 2 nm along with the atomic steps as presented in Figure 1a . During the annealing of as-deposited sample, Au NPs were formed based on the Volmer-Weber growth model, 21 and evolved into various size and shape at the temperature range between 450 and 750 °C. At a relatively lower annealing temperature of 450 °C, the nucleation of caterpillar-shaped NPs was observed owing to the surface diffusion and collision between Au adatoms driven by the thermal energy as shown in Figure 1b . The surface diffusion coefficient of the adatoms obeys a scaling relation with the annealing temperature as below:
where is the surface diffusion barrier, is the Boltzman constant and is the annealing temperature. Based on the diffusion coefficient , the diffusion length can be expressed as:
where τ is the residual time of adatoms. Inferred from the two equations above, the diffusion length , proportional to the annealing temperature i.e. the distance an adatom can travel on the surface, can be lengthened by the increased temperature. Thus, when the annealing temperature was increased to 750 °C, the nanostructures can grow larger in size and more regular in shape by absorbing nearby Au adatoms and tiny particles until reaching an equilibrium. As a result, the Au caterpillars are evolved into more compact and regular
Au hexagons as shown in Figure 1c . Besides, in terms of the NP shape, Au hexagons with flat-toped facet of (111) were formed rather than semi-spheres in order to minimize the surface energy. [23] [24] The formation of the crystalline Au NPs can be a way to lower the surface energy processed by the NPs. Thus, the Au hexagons possess lower miller index facets such as {111} and {100}. And when the temperature was increased to 900 °C, hexagonal nanoholes (NHs) were formed on the surface as clearly evidenced by AFM topand side-views in Figure 1d ,d-1. The formation of the NHs on GaN can be attributed to the enhanced decomposition of GaN followed by the concurrent occurrence of several phenomena: the details will be discussed in the following sections. Figure 2 shows the surface decomposition of GaN (0001) at high annealing temperatures. In general, with the increased annealing temperature between 800 and 900 o C, tiny pits and Ga droplets were observed. The GaN (0001) surface is dominated by the terraces and steps which corresponds to the layers consisting Ga and 7 N atoms, 25 as clearly shown in Figure 2a . As seen in the height distribution histogram in Figure 2a -2, the height of the surface steps is mainly distributed within the range of ± 1 nm.
Natural GaN decomposition.
In general, wurtzite substrate has a high thermal stability owing to the polarity of crystalline structure. Nonetheless, at relatively higher temperatures, GaN undergoes thermal decomposition. [26] [27] Based on the GaN crystal lattice structure, the distance between two neighboring nitrogen atoms in lattice is 3.2 Å and is 1.07 Å for N2 molecule in gas form.
Due to the strong holding force of the structural unit of the atoms in GaN, it is hard to predict the release of nitrogen atoms from the solid GaN as an N2 molecule at low temperature. 28 However, at high temperature, GaN will be decomposed following the mechanistic desorption as:
It is obvious from above equilibrium relation that, liquid phase Ga rich nuclei are formed and the nitrogen gas is released. In our case, at 800 °C annealing for an hour, numerous tiny Ga droplets appeared on the surface in Figure 2b , and accordingly the height distribution became slightly wider, i.e. ± 2 nm. Due to the Ga-rich condition, the surface diffusion barrier of nitrogen atoms can be significantly reduced. 29 As demonstrated by Fernandez-Garrido et al., the diffusion barrier calculated for the migration of N adatoms is 1.4 eV and decreased to 0.2 eV under the Ga-rich condition. Then after annealing at 900 °C for an hour, as can be expected, the droplets and pits became larger and accordingly the height distribution was increased to ± 4 nm in Figure 2c from ~ 37 to ~ 72 nm. Then, at 1000 °C, the penetration depth was significantly enhanced by the high thermal energy. As shown in Figure 3d , the depth of typical NH was increased to ~ 90 nm but the shape was distorted due to the enhanced GaN decomposition. Overall, the line-profiles in Figure 3e confirms the lateral diameter of the NP was almost equal to the NH at different annealing temperatures. Meanwhile, the depth of the NH was gradually enhanced accordingly with the increased annealing temperature. The FFT power spectra also reflect the surface morphology evolution of the corresponding samples as shown in Figure 3a-3 -d-3 . With the formation of hexagonal NPs, the FFT power spectrum also showed the hexagonal shape. Similarly, with the formation of hexagonal NHs and wider range of height distribution, the FFT power spectrum became slightly large hexagonal.
Furthermore, with the distorted NHs, the FFT also showed an irregular shape. shows a region of GaN surface. The Au Mα1 peak at 2.12 keV in EDS spectra is clearly observed as shown with the inset in Figure 4d while the Au Mα1 peak was not observed in Figure 4e . The result shows no Au remains on the surface and Au exists inside the NHs after one hour annealing. As shown in Figure 4b , nearly half of the area of NH was occupied by the NP residual while no residual was observed inside the NH with the violet rectangle in Figure 4c . This shows that the amount of the remaining Au in the NH is not equal and there is an evaporation of Au at high annealing temperature. 34 The evaporation rate ( ) can be expressed as:
where is the annealing temperature, is the atomic weight of Au, and is the equilibrium pressure of Au vapor at a certain . According to the equation above, the value of can be determined by both and . The value of is higher at an increased T and thus the Au evaporation rate can be significantly increased at the elevated temperature. As evidenced by the EDS line-profile in Figure 4b , the Au peak appears at the position where the residual is located. And the rest area shows a high Ga concentration and even higher at the edge of the NHs. This evidences the drastically enhanced decomposition of GaN at the interface between GaN and Au NPs as mentioned in the above sections. Figure 4c shows the elemental characterization of a NH without residual. The inside Ga peak proves the Garich condition and small amount of Au is still detected after the Au evaporation. Figure 5 shows the evolution of NHs along with the systematically controlled annealing duration. To investigate the relationship between the NH formation and annealing duration, the deposition amount and annealing temperature were fixed at 3 nm and 800 °C while the duration was varied from 900 to 3600 s. As discussed in the previous section, the natural decomposition of GaN was only slightly occurred at 800 °C even after one hour without Au NPs. However, with the presence of Au NPs the decomposition was much accelerated at the interface, namely the penetration of NPs into GaN. The penetration depth was gradually increased with the increased annealing duration. Initially, at 800 o C for 900 s of annealing, the NPs slightly drilled down the GaN, still showing the NP geometry of the surface due to the insufficient annealing duration and annealing temperature as shown in Figure 5a . The height of typical Au NPs is ~ 10 nm as shown by the line profile in Figure 5d and is much shorter as compared to the ~ 45 nm of NPs in Figure 6a , the SAR is gradually increased at increased temperature along with the development of NH depth. However, accompanying with the longer annealing duration, the SAR shows a discontinuous variation. As seen in Figure 6b , the co-existence of NPs and NHs resulted in the lowest value in comparison with the NPs and NHs, which can be due to the compensation between height and depth. And, as the average depth of NHs was developed with longer annealing duration, the SAR was increased.
Controllable fabrication of NPs and NHs with variation of Au deposition
amount. In this section, the control of size, density and shape of Au NPs and NHs was systematically investigated with the variation of Au deposition amount as shown in Figures   7 and 8 . In general, the morphology of NHs can be systematically controlled by the systematic variation of deposition amount. Initially, the Au NPs can be synthesized with precisely controlled shape, size and density with the variation of deposition amount. And, these Au NPs can act as a catalyst for the precise control of the shape, size and density of the NHs. As represented in Figure 7 , the size of NPs including the diameter and height sensitively responds to the variation of Au deposition amount. With the increased Au deposition amount, i.e. above 10 nm, due to the hugely increased NP size, the resulted crystalline structure is strongly dependent on the growth kinetics. 37 As a consequence, additional facets {110}, {210}, and other higher Miller index facets were observed with the Au hexagons originally enclosed with {111} and {100}. [38] [39] With the incremental variation of deposition amount from 4 to 25 nm, the diameter was increased from ~ 100 to 1000 nm by over 10 times and the height from ~ 20 to 300 nm by over 15 times. Meanwhile the density was decreased from ~ 4 × 10 9 to 1 × 10 7 cm -2 as a compensation. As a result, the corresponding changes in the size and density of NHs were observed with the increased deposition amount, as shown in the AFM top-views in Figure 8 . Firstly, with 2 nm deposition, tiny and merged NHs were formed as shown in Figure 8a ,a-1. Due to the dense distribution of NPs, the edge of the NHs appeared blur and irregular. With the addition of 1 nm Au deposition i.e. at 3 nm, the NHs began to separate with each other and the individual NH was observed as clearly shown in Figure 8b . And during the gradually increased deposition amount up to 25 nm, the dimension including depth and diameter were gradually increased as evidenced by the AFM images. Specifically, with the deposition amount varied from 2 to 25 nm, the dimension of NHs was expanded by ~ 23 times from 58 nm to 1336 nm in terms of depth, by ~ 23 times from 35 to 835 nm in terms of diameter.
(The specific values are provided in supporting information Table S1 ) Meanwhile, the density of NHs was dropped by ~ 525 times from 8.4 × 10 11 to 1.6 × 10 9 cm -2 . As compared with the fabricated Au NPs shown in Figure 7 , it can be concluded that the shape, size and density evolution of NHs was well determined by that of Au NPs. The NHs were regular hexagonal with the deposition amount variation from 3 to 7 nm. However, over 10 nm Au deposition, following the formation of multifaceted NPs, the NHs with round shape were fabricated instead of the hexagons. (The Raman spectra of the relevant samples are shown in supporting information Figure S3 ) In the meantime, the fabrication of the small to large sized, high density to low density, round to hexagonal shaped NHs on GaN i.e. porous GaN can be a good alternative material for the significantly efficient optical devices as the morphology of the NHs can effectively tuned the optical properties.
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Investigation on the formation process of NHs with large Au deposition amount. Figure 9 summarizes the annealing temperature and duration effect on the Figure S6 ) The depth and diameter obtained from the AFM data is plotted in Figure 9g ,h. In general, the residual Au-Ga alloys can be distinguished as the bright spots in the NHs as shown in the SEM images as the electron beam is more sensitive to the metal. However, at the increased annealing temperature, the bright spots are disappeared in Figure 9a . This can be due to the thermal evaporation of Au-Ga alloy NPs at hightemperature during the annealing as mentioned in the above section. The rate of evaporation can be expected higher at an elevated temperature, i.e. 950 °C compared to 900 °C. As characterized by the EDS spectra shown in Figure 9a -1,b-1 (Full-range EDS spectra seen in supporting information Figure S7 ), the Au Mα1 peak (2.12 keV) of 900 °C annealing appeared 3700 counts while the count of 950 °C was reduced to 2700 by 27%.
Meanwhile, the NHs depth and diameter were both increased from 361 to 487 nm and 660 to 727 nm respectively. Furthermore, in terms of shape, the NHs are approximately round
with clear boundary at 900 °C while at 950 °C the irregular shaped NHs with blur boundary were observed. With 25 nm of Au deposition, the annealing temperature was set at 900 °C to protect the shape from the extensive natural decomposition of GaN. After the annealing for 1800 s, the residual of Au in NHs were witnessed and the NHs appeared in round shape while the residuals appear irregular shape connected with random edges of particular NHs.
When the duration was increased to 3600 s, the amount of residuals inside the NHs was decreased by the evaporation of Au and Ga while with the increment of annealing duration 16 up to 7200 s the amount of residual was further decreased. Based on the EDS elemental characterization of spectra, similarly, the Au Mα1 peak (2.12 keV) for the duration variation series was gradually decreased: 6800 counts for 1800 s; 4200 counts for 3600 s; 3900 counts for 7200 s. The EDS spectra implies that the Au residual is gradually reduced along with the increased annealing duration and temperature due to the Au-Ga evaporation.
In terms of dimensional variation of NHs: by increasing the annealing duration from 1800 to 3600 s, the depth of NHs got a drastic increment from 221.8 to 811.1 nm. From 3600 and 7200 s, however, the diameter was slightly increased from 811.1 to 813. 
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